In order to determine a particular tumor cell via nanomaterials, we introduce the preparation of CD20 and CD5 coupled nanoprobes (denoted as CD20 and CD5 nanoprobes for convenience) and an application in identification of mantle cell lymphoma (MCL) from B-cell lymphoma. In this work, CD20 and CD5 nanoprobes were prepared by selectively oxidizing the carbon-carbon double bonds of oleate ligands on the surfaces of NaYF 4 :Yb 3+ ,Tm 3+ and NaYF 4 :Yb
Introduction
In optical biomedical imaging, dye markers such as hematoxylin-eosin staining (HE stain) are usually utilized as exogenous contrast agents to highlight the focuses and provide more detailed information on pathology and pathogeny of disease [1, 2] . When using these dyes, optical imaging only fulfills conventional biomedical research and clinical diagnosis because these dyes do not specifically distinguish pathological tissues. Fortunately, photoluminescence imaging, with the aid of organic fluorophores typified by rhodamine and cyanine dye, can make up the insufficiency of optical imaging [3, 4] . These organic fluorophores help to identify the natures of cells in medical research and clinical diagnostics/therapeutics. Unfortunately, these organic fluorophores have suffered some shortcomings [5] [6] [7] : (i) smaller spectral shifts between emission and excitation light could increase excitation-light-induced background and reduce signal-noise ratio of photoluminescence imaging. (ii) Photobleaching of organic fluorophores at high illumination intensity limits bioapplications of photoluminescence imaging in early detection, screening, and image-guided therapy of life-threatening diseases.
In order to overcome the photobleaching of organic fluorophores, novel inorganic fluorescence semiconductor quantum dots (QDots) obtain rapid development since 1998 [8] . The QDots display several spectral features. One is that the emission spectra of homogeneous sized QDots are about twofold narrower than those of typical cyanine dye; another is that the QDots absorption wavelengths are much shorter and broader than organic fluorophores, allowing excitation with a spectrally wide light source [9] .
Finally, the QDots have more photostability against photobleaching than organic fluorophores [10] , which indicates that it is possible for the QDots to label internal cellular structures. Thus, the QDots conjugated to biomolecules via antigen-antibody biochemical reactions can serve as photoluminescence biolabels. However, there has been a serious safety problem in substituting the QDots for organic fluorophores in the bioimaging and clinical diagnosis of living samples because toxicity of cadmium and excitation at short wavelengths can cause serious damage to living cells.
Based on anti-Stokes-shifted photoluminescence, another novel inorganic fluorophore is lanthanide-doped upconversion nanoparticles, which are capable of converting longer wavelength radiation into shorter wavelength fluorescence via a stepwise photon governance mechanism in the intra-4f n energy levels of lanthanide ions [11] [12] [13] . Hence, a safe excitation mode is the most unusual advantages of lanthanide-doped nanoparticles for bioimaging application. It is well known that infrared radiation with a wavelength of 700-1000 nm, which is the "optical window" of biological tissues [14, 15] , can penetrate biological tissues up to several inches without causing much light scattering and photodamage to the tissues due to a nearly infrared transparence of biological tissues [16, 17] . Inorganic lanthanide-doped nanoparticles have also demonstrated high photostability and low toxicity [18] . Compared with organic fluorophores and the QDots, these features of upconversion nanoparticles make them more suitable as fluorescence biolabels for in vitro and in vivo optical imaging applications. Recently, some research teams such as Zhang et al. [19] [20] [21] , Wang et al. [22, 23] , Li et al. [17, 24, 25] , Yan et al. [26, 27] , Prasad et al. [28, 29] , Dai et al. [30, 31] , and Liu et al. [32, 33] have reported the developments in in vitro and in vivo bioimaging using upconversion-based nanoprobes. For the most bioimaging researches above, they often chose Hela, ovarian carcinoma (OVCAR3), colonic adenocarcinoma (HT29), human pancreatic cancer (Panc 1), and nasopharyngeal epidermal carcinoma (KB) cells as the targeted cells, utilized singlecolored upconversion nanoprobes to conjugate to these tumor cells because these anchorage-dependent tumor cells are convenient for attachment culture, hybridization with nanoprobes in situ, and fluorescent imaging. Their experimental results showed that these upconversion-based nanoprobes could be used as fluorescent labels of tumors in bioimaging applications. Moreover, it is impressive that upconversion nanoparticles can be also applied to the detection of trace organic dyes such as Rhodamine B and sodium fluorescein in living organisms based on a LRET process [34] [35] [36] , as well as latent fingerprint development in forensic sciences [37, 38] .
It is well known that there are different tumor antigens on/inside tumor cells, where some antigens are specific; others are nonspecific. These specific antigens can be used as molecular markers for biomedical diagnosis and treatment. Depending on one specific molecular marker, however, a physician does not differentiate and/or diagnose a tumor, much less treat and cure the tumor. Thus, it is necessary to choose the multiple specific molecular markers in order to improve the clinical diagnostic accuracy of tumors.
It is reported that MCL is a rare subtype of B-cell nonHodgkin lymphoma (NHL), accompanied by high invasiveness, bad prognosis, and hard to cure in clinical medicine [39] . It is also difficult to diagnose MCL due to its rareness. In immunophenotyping, over 90% MCL is cyclin D1 overexpression [39, 40] , being the most specific molecular marker. However, cyclin D1 is translocated into the cytoplasm and the nucleolus [39] , needing transmembrane proteins as vectors to transport upconversion-based nanoprobes without permeability into living cells. Considering higher positive expression of CD19 + , CD20 + , CD79a + , CD5 + , and CD43 + in MCL [41, 42] , as well as the sizes of nanoparticles in our experiments, thus CD20 and CD5 antigens will be chosen as the target spots of specific nanoprobes. It is reported that CD20 and CD5 antigens are usually located on the cytomembrane of MCL [43] . If CD20 and CD5 nanoprobes were used to specifically label CD20 and CD5 antigens on the cytomembrane of MCL, the diagnostic accuracy of MCL could be improved. Up to now, in vitro and in vivo specific imaging applications of CD20 and CD5 nanoprobes in MCL have rarely been reported. It is noteworthy that CD20 monoclonal antibody is also a prescription medicine (product name: Rituximab® or MabThera®). Rituximab induces cell lysis pharmacologically when it binds to CD20 antigen in B cells. Moreover, the introduction of rituximab can improve response rates when used in combination with standard chemotherapy for MCL [44] [45] [46] . In this communication, we report on the preparation of CD20 and CD5 nanoprobes and demonstrate the possibility of their application in specific fluorescent biolabels of MCL. Here, CD20 and CD5 nanoprobes are prepared from green/red-emitting NaYF 4 :Yb
3+
,Er 3+ and blue-emitting NaYF 4 :Yb 3+ ,Tm 3+ nanoparticles. A direct oxidation method is used to convert hydrophobic nanoparticles into hydrophilic ones. CD20 and CD5 antibodies are utilized to couple the surfaces of the oxidized nanoparticles via EDC/NHS crosslinking agents. In vitro and in vivo upconversion luminescence imaging are measured to interpret the roles of both nanoprobes to play, which might provide a potential method for the specific biomedical diagnosis and targeted therapy of MCL in future. /80 were dissolved in hot dilute hydrochloric acid and then heated to form white crystal. The crystal was mixed with 10 ml deionized water, 10 ml oleic acid (OA), and 10 ml ethanol in a 50 ml beaker. 0.1064 g NaOH and 0.3943 g NH 4 F were then added into the above mixture under vigorously stirring for 10 minutes. The feedstock was finally transferred to a 100 ml Teflon-lined stainless autoclave, sealed, and heated to 190°C for 10 h in a muffle furnace. After naturally cooling to room temperature under ambient condition, sample was precipitated by centrifuging at 4000 rpm for 15 min and discarding the supernatant. The obtained colloidal suspension was washed with cyclohexane, ethanol, and deionized water several times and then dried in atmosphere at 70°C overnight to form the final powder sample.
Materials and Methods
Moreover, NaYF 4 :Yb
3+
,Er 3+ nanoparticles were prepared by the same route, except for Er 2 O 3 instead of Tm 2 O 3 .
Converting Hydrophobic Nanoparticles into Hydrophilic
Ones. Hydrophilic nanoparticles were prepared through direct oxidation of the carbon-carbon double bonds of the oleate ligands on particles' surfaces with the Lemieux-von Rudloff reagent to form the azelaic acid (CH 2 ) 7 (COOH) 2 reported by Chen et al. [48] . In brief, 0.1 g as-prepared NaYF 4 :Yb 3+ ,Tm 3+ nanoparticles, 100 ml cyclohexane, 70 ml tert-butanol, 10 ml deionized water, and 5 ml K 2 CO 3 aqueous solution were mixed and stirred for 20 min at room temperature. 20 ml Lemieux-von Rudloff reagent was added dropwise in the resulting mixture and then stirred at 40°C for 48 h. The product was washed with 5 ml deionized water, 5 ml acetone, and 5 ml ethanol and then precipitated by centrifuging at 4000 rpm for 15 min. Subsequently, the product was treated with 50 ml hydrochloric acid (pH = 4.0-5.0) for 30 min. At last, the oxidized product was obtained by centrifugation, washed twice with deionized water, and dried at 70°C for 24 h. ,Tm 3+ nanoparticles were washed with 50 ml MES buffer solution (pH = 6.0). The resulting precipitate, 0.0050 g EDC·HCl, and 0.0150 g NHS were mixed in 20 ml MES buffer solution (pH = 6.0), stirred for 8 h at room temperature, and then precipitated by centrifuging at 4000 rpm for 15 min. The products were dispersed in 5 ml PBS (pH = 7.2). Subsequently, 50 μl CD20 antibody was added in the PBS (pH = 7.2) including the products and shaken on a shaker for 3 h at room temperature. After washing with deionized water twice, CD20-nanoprobes were stored in 1 ml PBS (pH = 7.2) at 4°C.
Moreover, CD5 nanoprobes were also prepared by the same route, except for CD5 antibody and NaYF 4 /ml) was on slide glass at 800 rpm for 5 min and washed with PBS (pH = 7.2) twice after cell fixation with acetone for 5 min. For single-label imaging, Raji cells on slide glass were hybridized in situ with 40 μl CD20 nanoprobes at 37°C for 1 h. For doublelabel imaging, Jeko-1 cells on slide glass were hybridized in situ with 40 μl CD20 nanoprobes and 40 μl CD5 nanoprobes at 37°C for 1 h. After washing the cells with PBS (pH = 7.2) three times to remove the excess nanoprobes, in vitro upconversion fluorescence imaging was carried out on a Nikon Eclipse Ti-S inverted fluorescence microscope equipped with a 980 nm laser.
The Effect of Antibody Dose on In Vitro Upconversion
Fluorescence Imaging. In addition to adding 15, 20, and 40 μl CD20 and CD 5 antibodies each time in three groups of Jeko-1 cells, the cultural course of cells is similar to Section 2.6. Briefly, Jeko-1 cells on slide glass in each group were hybridized in situ with 40 μl CD20 nanoprobes and 40 μl CD5 nanoprobes after cultured for 5 days. In vitro upconversion fluorescence imaging was carried out under a 980 nm laser excitation after washing the cells with PBS (pH = 7.2) three times to remove the excess nanoprobes.
Transplanted Cancer Model in Nude Mice, In Vivo
Upconversion Fluorescence Imaging. Subcutaneous cancer formation was under way after the purchased nude mice had been cultured for one week. Six nude mice in each group were inoculated subcutaneously Jeko-1 cell suspension (2 × 10 6 /ml, 0.2 ml/single) in the right back of nude mice. On day 20 of inoculation, tumorigenesis was obviously observed. After 0.2 ml (350 μg/ml) CD20 and CD5 nanoprobes had been, respectively, injected into the tail vein of cancer mice models, the mice were placed in the feeding 3 Journal of Nanomaterials box to continue cultivating. When we decided to measure in vivo upconversion fluorescence imaging, the mice were placed in the anesthesia device for initial anesthesia. Controlling the anesthetic gas flow of isoflurane to the right amount (1-1.5 scale), the mice on specimen stage of small animal fluorescence imaging system maintain anesthesia. A fluorescence imaging workflow of cancer model mice in this system was automatically accomplished by starting the regular measurement program.
2.9. Characterization. The detailed characterization processes are shown in the supplemental data I. . According to the literature [51] , their dependences of the integrated upconversion luminescence intensities on laser pump powers in Figure S4 indicate that purple and blue fluorescence at 361 and 477 nm from Tm 3+ ions are four-and three-photon processes; green and red upconversion fluorescence at 540 and 657 nm from Er 3+ ions are two-photon upconversion process, respectively. The upconversion mechanisms of sample 1 and 2 are shown in Figure S5 and explained in supplemental data III. Moreover, two samples exhibit a stronger light stability or resistance to photobleaching in Figure S6 because inorganic host materials can provide a rigid crystalline environment for the dopant ions to achieve stable upconversion luminescence and further can keep the dopant ions off outer environments. Thus, both samples are suitable for bicolor upconversion fluorescence cores of CD20 and CD5 nanoprobes.
Results and Discussion

Surface Oxidation of Hydrophobic Ligands and
Bioconjugation of Nanoprobes. It is well known that the surfaces of most as-prepared inorganic nanoparticles lack active functional groups or ligands so that they are difficult to bind to biological molecules for biolabel applications. It is therefore necessary to couple the particles' surfaces with active functional groups in order to improve the capability of conjugation with biomolecules. Figure S7 is the schematic illustration of surface oxidation and bioconjugation of nanoprobes.
To prepare the CD20 and CD5 nanoprobes, both samples should be firstly converted from hydrophobicity to hydrophilicity when they have been synthesized in oil phase. The particles' surfaces of samples have been coated by the oleate ligands when OA is used as nonaqueous solvent in our experiments. To convert hydrophobic inorganic nanoparticles into hydrophilic ones, the Lemieux-von Rudloff oxidation method [47] is utilized to selectively oxidize the carbon-carbon double bonds (R-HC=CH-R′) of the oleate ligands on the particles' surfaces with KMnO 4 in the Lemieux-von Rudloff reagent to form azelaic acid containing carboxyl groups (-COOH) [47, 48] . In FT-IR spectra of the two oxidized samples in Figure S8 , carboxyl groups can be obviously confirmed from the characteristic absorption [48] . Compared with an absorption band at 2975 cm −1 of two samples, the absorption band disappearance of the two oxidized samples indicates the cleavage of the -HC=CH-group because the band is attributed to the =C-H stretching vibration [48] , implying that the carboncarbon double bonds of the oleate ligands have been oxidized. It must be emphasized here that NaIO 4 content in Lemieux-von Rudloff reagent must be far beyond KMnO 4 because, on the one hand, MnO Figure S9 (a), which is difficult to be separated from two samples. Contrarily, the oxidation reaction of KMnO 4 to the carbon-carbon bonds will go on until the 5 Journal of Nanomaterials reaction is over. Here, there is not MnO 2 precipitation in the plum solution in Figure S9(b) .
Moreover, upconversion emission intensities of the oxidized samples, as shown in Figure S10 , have been enhanced at blue and green emission, which are beneficial to such biomedicine applications as bicolor fluorescence labeling. The upconversion enhancement mechanism is approximatively similar to those of the core-shell type upconversion nanoparticles from our previous works [52] [53] [54] and is simply explained in supplemental data III.
Subsequently, a coupling method of the oxidized samples through EDC/NHS crosslinking agents with CD20 and CD5 antibodies was used to prepare CD20 and CD5 nanoprobes in our experiment. It is well known that EDC is a watersoluble carbodiimide crosslinker for zero-length carboxylto-amine conjugation; NHS can improve the efficiency of EDC coupling reactions or create amine-reactive regents [55] . (The references to the function of EDC and NHS crosslinking agents are referred to the web version.) Here, bioconjugation of the oxidized samples is accomplished by (i) proportionally mixing EDC and NHS with the oxidized samples and stirring them and (ii) adding proper amount of CD20 and CD5 monoclonal antibodies to them and shaking them. It must be also emphasized that the oxidized sample 1 and 2 are biologically coupled with CD20 and CD5 monoclonal antibodies to perform CD20 and Journal of Nanomaterials CD5 nanoprobes, respectively. Under a 980 nm laser excitation, two nanoprobes indeed show blue and green/red fluorescence in Figure S11 . If CD20 and CD5 nanoprobes are hybridized in situ with MCL, CD20, and CD5 antibodies should be in response to CD20 and CD5 antigens on the cytomembrane of MCL according to the interaction rule of antigens with their specific antibodies. Blue and green/ red photoluminescence from CD20 and CD5 nanoprobes should reflect the presence of CD20 and CD5 antigens. Note that (i) it is necessary to strictly control acidic or alkaline conditions in the bioconjugation processes because the activation of the carboxyl groups with EDC/NHS is in acidic environment, whereas the coupling of an antibody (such as CD20 or CD5) or a protein through EDC/NHS requires alkaline condition. Here, buffer pH plays an important role in the bioconjugation procedure. The surfacecrosslinked process is achieved by electrostatic attraction between carboxyl capped on the sample surface and the amino group of antibody or protein. The positive charge of the amino group and the negative charge of carboxyl group require an adapted buffer pH. Thus, the role of buffer pH is optimal reaction condition [56] .
(ii) Jeko-1 cell lines are MCL containing CD20 and CD5 antigens [41, 42] . Raji cell lines are Burkitt lymphoma including CD20 antigen without CD5 [57] [58] [59] . Because these cell lines are suspension cells without anchorage-dependent cells, they must be spun on slide glass to hybridize in situ with CD20 and CD5 nanoprobes and further incubate for bicolor fluorescence imaging.
In Vitro Bicolor Upconversion Fluorescence Imaging of MCL.
In order to theoretically explain the immunofluorescence phenomena and our experiment results, Jeko-1 and Raji cell lines were stained with CD20 and CD5 and analyzed by flow cytometry and immunohistochemistry. (i) Flow cytometry is used to define the presence of CD5 and CD20 antigens in Jeko-1 and Raji cells and then monitor their positive expression rates. In this experiment, CD20 and CD5 expressions in Jeko-1 and Raji cells were detected using FITC-conjugated monoclonal mouse anti-human CD20 Figure S12 -S15. Furthermore, Raji cells are also labeled with the two coupled nanoprobes to detect the expression status of CD20 and CD5. Only blue fluorescence connected with CD20 marker is observed in Figure 6 . More blue/green double-labeling upconversion fluorescence images of Jeko-1 cells, as well as blue singlelabeling upconversion fluorescence images of Raji cells are also shown in Figure S16 -S19. Therefore, just like the effect of double antibodies' stain in Figures 2 and 3 , CD20 and CD5 nanoprobes in this experiment could be used for more specific bicolor fluorescence labeling and cellular imaging in vitro.
Whether or not CD20 and CD5 nanoprobes would possess specificity for Jeko-1 cells is an important issue of great concern to us. A confirmatory method is presented for the determination of antigen dependence of antibody labeled nanoprobe by measuring upconversion luminescence of the tumor cells with different expression levels of antigens. Based on specific antigen-antibody recognition, the expression levels of CD20 and/or CD5 antigens on Jeko-1 cell surface in this experiment can be adjusted by means of feeding different doses of CD20 and CD5 antibodies in cell culture to consume corresponding CD20 and/or CD5 antigens on Jeko-1 cells. After hybridized in situ with CD20 and/or CD5 nanoprobes, in vitro upconversion fluorescence of the labeled Jeko-1 cells is observed under a 980 nm laser excitation. Figure 7 shows the effect of antibody dose in cell culture Journal of Nanomaterials on in vitro upconversion fluorescence imaging, namely, with the feeding dose increase of CD20 and CD5 antibodies in cell culture, blue/green double color upconversion fluorescence (b, c) turns into single color one (f) and even disappearance (i, j); their corresponding upconversion fluorescence intensities gradually drop to none (b, c) → (f) → (i, j). The more the feeding doses of CD20 and CD5 antibodies, the lower the expression levels of CD20 and/or CD5 antigens on Jeko-1 cell surface, the weaker the fluorescence labeling effect of CD20 and CD5 nanoprobes. This observation suggests that the bi/single color upconversion fluorescence labeling effect of CD20 and/or CD5 nanoprobes on Jeko-1 cells in this experiment is inversely proportional to the feeding dose of CD20 and/or CD5 antibodies and is proportional to the expression levels of CD20 and/or CD5 antigens on Jeko-1 cell surface. The result proves high specificity of CD20 and CD5 nanoprobes for Jeko-1 cells. It is well known that CD20 and CD5 antigens are usually located on the cytomembrane of Jeko-1 cells. Could CD20 and CD5 nanoprobes either penetrate into or adhere to the cytomembrane of Jeko-1 cells in our experiments? Here, TEM image of Jeko-1 cells hybridized with CD20 and CD5 nanoprobes in Figure 8 gives us morphologic evidence that a nanoprobe (see black arrow) binds itself to the microvillus and cytomembrane of Jeko-1 cells through a lot of irregular filamentous fibers (see white arrows). We deduce that, on the one hand, the nanoprobe could be made up of several upconversion nanoparticles; on the other hand, these filamentous fibers could be some organics containing ligands and active functional groups such as CD20 and CD5 antibodies. The TEM image shows the spatial relationship of Jeko-1 cells and both CD20 and CD5 nanoprobes. If the specific CD20 and CD5 nanoprobes were loaded with antitumor drugs, these nanoprobes would be regarded as a novel "nano-biomissile" not only to label, diagnose, and track the tumor cells but also to inhibit and kill them and even to observe the prognosis. This presupposition might be doable according to the spatial relationship in Figure 8 , indicating that MCL could be treated and cured by CD20 and CD5 nanoprobes loaded with the antibody drugs such as Rituximab.
In Vivo Upconversion Fluorescence Imaging of
Transplanted Cancer Model. CD20 and CD5 nanoprobes are, respectively, injected into nude mouse models via the caudal vein to observe in vivo upconversion fluorescence imaging of both nanoprobes in the mouse models. After 2 h, the mouse models are continuously anesthetized by isoflurane using an oral anesthesia device. The anesthetized mouse models are then placed into a camera obscura to take their upconversion fluorescence imaging when under a 980 nm laser irradiation. Figure 9 is in vivo upconversion fluorescence images of CD20 and CD5 nanoprobes in mouse models. Here, irregular multicolored spots are clearly observed on the back of the mouse models, indicating that CD20 and/or CD5 nanoprobes have been specifically labeled on Jeko-1 cells in nude mouse models. As well known, multiple pseudocolors and their areas on light-emitting part of test specimen in small animal fluorescence imaging system only reflect the changes of fluorescence intensity in a certain range instead of true color of the fluorescence in nature. Thus, the multicolored fluorescence spots in size in Figure 9 might be determined by the distribution of Jeko-1 cells in the mouse models, which is due to higher positive expression of CD20 and CD5 antigens in MCL.
3.5. Prospect. Correct identification of different cells is an important task for biomedical diagnosis and treatment. Such nanotechnology as upconversion luminescence imaging might provide us a prospective method to identify a particular cell type such as stem cells or cancer cells due mainly to the advantages of a safe excitation mode of upconversionbased nanoprobes and the "optical window" of biological tissues. As long as the upconversion-based nanoparticles are conjugated with different cell-targeting molecules [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] , the nanoparticles can become specific nanoprobes to identify a particular cell type such as stem cells or cancer cells and even achieve the targeted therapy in future.
Conclusions
In conclusion, we report the preparation of CD20 and CD5 nanoprobes and their specific identification application in (ii) the oxidation of the carbon-carbon double bonds of the oleate ligands; and (iii) the coupling through EDC/NHS crosslinking agents with CD20 or CD5 antibody to the hybridization in situ with MCL. This procedure is extremely facile. The capability of high-specific optical imaging of CD20 and CD5 nanoprobes in MCL provides promise for their wide application in specific identification.
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